Introduction
The aim of our work is an analyze of the experimental biaxial Hopkinson bar technique when such a device consists of a cruciform specimen surrounded by four very long elastic bars. Rather than using bypass analysis, we try to consider real plastic waves inside the specimen with few hundreds of reflections. For our purposes, we use a quasi rate-independent tensor function model for ASME537 steel. Plastic wave speeds are also analyzed. Our work is motivated by some experimental evidence obtained in the Laboratory for Dynamic Testing of JRC, Ispra (Italy) [1] ,
Model
Initial yield stress under dynamic loading depends on strain rate or stress rate. At higher stress rates, the initial stress yield is larger. On the other hand, the phenomenon of delayed yielding inherent to some metals and alloys is observed [2] : stress under dynamic loading exceeds its static value and plasticity starts after a certain delay time. If t * is the time at which plastic deformation begins, Y 0 is the initial equivalent yield stress, and Y = Y (σ| t=t * ) is the initial equivalent dynamic yield stress, then the accumulated plastic strain is governed by a constitutive equation of the following type [3] : ε P (t) = the kernel is such that J(t − τ) = if τ < t * , and J(t − τ) = exp(−M ), for τ ≥ t * , M being a "universal" constant (i.e. M is the same for uniaxial tension, biaxial tension, and shear) introduced and determined for AISI 316H steel in [4] as well as for ASME 537 steel in [1] within a very wide range of strain rates from 10 −3 s −1 to 100 s −1 . In the present work, we use a very simple version of endochronic evolution. We introduce the stress tensor invariants s 1 := Tr[S] and s 2 = Tr[(S D ) 2 ] (where S D := dev(S)), and we describe the model by the following tensor representation for the plastic stretch [5] :
The scalar coefficient Λ is responsible for rate dependence. The tensor generators H 1 and H 2 are defined by
Γ 1 and Γ 2 are given by Γ 1 = a 1 + a 2 s 1 + a 3 s 2 , and Γ 2 = −3a 2 /2, (a 1 , a 2 , and a 3 are parameters), η is the Heaviside step-function, and λ is a material constant. Since the rate dependence appears also through the stress rate dependent value of the initial yield stress Y (which has a triggering role for the inelasticity onset), the name is called quasi-rate independent.
According to experimental evidence [1] , we assume that shears are negligible, i.e. in the Kröner's decompositio rule F = F E F P , elastic and plastic distortions as well as the total deformation gradient tensor are diagonal. Then, by using the evolution equation (3), the geometric relations ∂ε A /∂t = ∂V A /∂X A , with A ∈ {1, 2}, and the balance of momentum, we arrive at the wave equation that, in the case of in-plate components, can be written as ∂U ∂t
where U := {V 1 ,V 2 , ε 1 , ε 2 , p 1 , p 2 } is the transpose of the "dynamic" state vector which describes the acceleration wave (p 1 and p 2 denote the plastic deformations), and A = A 1 n 1 + A 2 n 2 is the 6 × 6 acoustic tensor, n 1 and n 2 being the components of direction of wave propagation.
Results
We show some numerical results for both symmetric and non-symmetric loading conditions. In order to do that, we used multigrid methods [6] . These methods consist of solving the PDEs involved in the model by using a hierarchy of grids covering the computational domain. For each grid, the discretization procedure leads to a system of linear equations of the type Au = f , where A is the discretization matrix, u is the vector of unknowns, and f is the vector of known quantities. In order to solve the problem Au = f on the fine grid, multigrid solvers are applied. A multigrid solver solves the problem Au = f iteratively, and consists of two components: a smoother, S, and a coarse grid corrector. The smoother reduces the higher frequency of the current defect (Au (i) − f ). The smoothed i-th defect, (AS ν u (i) − f ) (ν is the number of times that the smoother is applied), is approximated on the coarse grid. At this stage, the coarse grid corrector is introduced: the smoothed i-th defect is restricted to the coarse grid, and the corresponding linear system is solved. The obtained solution is prolongated to the fine grid, and the result is used as a correction. This procedure reduces the lower frequencies of the defect. Finally, the smoother is applied again in order to obtain an updated solution. In formulae, the above method can be as follows summarized:
where I is the identity matrix, A F and A C are the matrices on the fine and coarse grid, respectively, P and R are the prolongation (to the fine grid) and restriction (to the coarse grid) operators, respectively, and f F is the vector of known quantities defined on the fine grid. Our results are valid for the initial and subsequent elastic range.
